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ABSTRACT 

The sensitivity of an ideal heterodyne specbrometer approaches the 
quantum detection limit provided the local oscillator power is sufficiently 
large and the shot noise dominates all other sources of noise. The 
post- integration minimum-detectable-number of photons/sec for an ideal 
heterodyne system is J B/t whev; B is the IF bandwidth and t is the 
integration time. For astronomical observations, however, a number of 
factors (A^) tend to degrade the sensitivity, a fact which becomes 
significant particularly when the laser power is insufficient. A dis- 
cussion and an evaluation of the degradation in sensitivity is given for 
a heterodyne spectrometer employing a HgCdTe photodiode mixer and tunable 
diode lasers. The minimum detectable source brightness is considered as 
a function of the mixer parameters, transmission coefficient of the beam 
splitter and local oscillator emission powers. The degradation in the 
minimum detectable line source brightness which results from the band- 
width being a fraction of the line width is evaluated and plotted as a 
function of the wavelength and bandwidth for various temperature to mass 
ratios. It is shown that the minimum achievable degradation (^(A^)) in 
the sensitivity of a practical astronomical heterodyne spectrometer is 
~ 30. Estimates of signal-to-noise ratios with which infrared line 
emission from astronomical sources of interest may be detected are given. 
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1. Introduction 

.Infrared heterodyne spectroscopy provides a powerful tool for 
identification of molecular and atomic species in astronomical sources 
and for determination of in situ physical conditionr through measurement 
of the line profiles. In principle the sensitivity of a heterodyne 
spectrometer w.ay approach the so-called quantum detection limit hvdv,^ 
but in practice a number of factors tend to degrade the sensitivity 
significantly. In this paper we evaluate and discuss some degradation 
factors with a view to optimizing the sensitivity of the system, and we 
discuss its advantages and limitations for astronomical observations. 

The real advantages of heterodyne detection over broad-band 
techniques are its ultra-high spectral resolution (capable of achieving 
Doppler limited spectroscopy A\/X < 10 ^), its high spatial resolution 
(AD ~X ), and it3 relatively high detection efficiency. These properties 
make heterodyne techniques particularly well suited to the defection of 
weak atomic and molecular line sources in regions as diverse s inter- 
stellar clouds, HII regions, comets, the upper atmospheres of planets 
and the earth's stratosphere. Information about kinetic temperatures, 
turbulence effects, gross velocity shifts etc., maybe obtain d through 
a study of the line profiles. Important discoveries in molec lar 

(2 3) 

astronomy have been made using heterodyne techniques at radio wavelengths ’ 
(longer than 1 mm) but it has only recently become possible t' do 

( 4 - 8 ) (°) 

heterodyne spectroscopy in the middle' ' and far'' ' infrared, opening 
three new decades (1 pm - 1 mm) to exploration using heterodyne techniques. 

We examine some limitations of the heterodyne techniques in the spectral 
range 1 ym - 1 mm for the detection of atomic and molecular lines and 
of continuum radiation. 
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We begin by recognizing that for gases characterized by an ekcitation 
temperature 1', the maximum observable spectral line intensity will approach 
the specific intensity of the Planck function for that wave length and 
temperature under conditions of thermal equilibrium. We assume that the 
intensity of any continuum background is small compared with that of the 
line spectrum, and that the lines are characterized by a Doppler profile. 

We then determine the minimum detectable line source brightness for an 
ideal heterodyne spectrometer having a bandwidth equal to the Doppler 
width (Av D ) and we compare this with the black-body source radiance at 
various temperatures. Various system limitations (quantum efficiency, 
etc.) increase the minimum detectable source brightness above the ideal 
case and so are introduced as degradation factors (A^ si), which exercise 
a cumulative effect as a product function tk(A^). Some of the A^ can be 
evaluated in simple fashion (chopping, source polarization, quantum 
efficiency, etc.) but others are treated in more detail. The degradation 
factor caused by insufficient local oscillator power is calculated as a 
function of the transmission coefficient of the beam splitter, over a 
range of parameters characterizing the photodiode mixers presently available 
near 10 pm, and for various local oscillator powers. The degradation 
factor due to dividing the available source line power into elements of 
bandwidth B is evaluated as a function of b/Av d . Curves indicating the 
optimum bandwidth for a given Doppler broadened line are given as a 
function of the wavelength and of the temperature to mass ratios. Finally, 
conclusions are drawn regarding the best tt^(A^) one could hope to achieve 
in a present day heterodyne system near 10 pm, and the usefulness of the 
technique is demonstrated for several classes of astronomical sources. 
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2. Sensitivity Limits of an Ideal Heterodyne Receiver 


In astronomical heterodyne detection, infrared radiation from the 
source is mixed with the radiation from a much stronger local oscillator 
and a signal is detected at the difference frequency called she intermediate 
frequency (IF) (Fig. 1). The mixing process toanslates the frequency scale 
by an amount equal to the local oscillator frequency, preserving the 
spectral characteristics of the source^ 0 ). When the loca 1 oscillator 
power (P 1 ^) is sufficiently large, the shot noise from it dominates all 
other souses of noise in the detector and the minimum detectable IF 
power corresponds to the quantum detection limit^ , 


P min * hViV ’ W 

where a detector with a quantum efficiency 'll = 1 is assumed. This limit 
corresponds to the detection of a single photon per resolution time 
(sec) of the system. A simple derivation of this limit can be 
given on the basis of the particle nature of light. The signal- to- 
noise ratio (s/n) obtained at the IF for a source power P S is then 


S = P 1 
N 


hvAv 


= P^_ 
hvB 


( 2 ) 


where B = Av is the bandwidth of a single resolving element of the system. 
If the signal is integrated for some time (t), the signal- to- noise ratio 
is improved by a factor (B t )^ and the post- integration signal- to- noise 
ratio is 


S = £ 

N hv 'B' 


( 3 ) 


The corresponding ideal minimum detectable power becomes 


3 


i 


i 


I 


P 6 . = hv(-)^ watts, 

min T 


(4) 


and the minimum detectable number of signal photons becomes 

N^n ° (^) (photons sec" 1 ) 


(5) 


in a particular polarization and in a single sideband. The minimum 
detectable source surface brightness (photons cm"^ sec"* str’ 1 ) 
is obtained from 


P S , 

min 


R min 


hvAfi, 


( 6 ) 


The etendu, A fi(with A as the detector area and 0 the field of view), 

.2 ( 12 ) 

is a constant of the system and is ~A . The minimum detectable 

source surface brightness from (4) and (6) is 

R mln ” (P h °t° ns cm" 2 sec" 1 str' 1 ) (7) 

Note that Eq. (4) is referred to the detector and that Eq. (7) 
is referred to the remote source by assuming that the system has been 
properly matched to the diffraction limit of the collecting optics 
(telescope) such that A fl A is preserved. In this case, the heterodyne 
field-of-view is 0 ~ 1.2 A/D where D is the diameter of the primary 
mirror. A commonly used convention among infrared astronomers 
is to refer the brightness to the power incident per unit telescope 
area per unit frequency interval (watts m -2 Hz" 1 ). 
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One flux unit (or one Jansky) equals lo” 2 ^ wa -bts m” 2 Ha" 1 . 

detectable flux over a source bandwidth Av is 

a 

F s . » *min » hv ,B\^ 


1 io minimum 


whex’e A is the telescope area in m . 

It is not very useful to calculate p 3 , > R 3 . , 'd F S . for 

min min min 

fixed bandwidth over three decades of wavelengths 3ince 1. .ewidths can 
be expected to vary drastically over this vravelength rang,* 1 . For our 
purposes, we set the bandwidth equal to the Doppler line • <&th at each 
\ and calculate P^ , R 3 in , F 3 ^ as a function of wavelength for various 
temperature- to-mass ratios (T/M), A telescope collecting area of 1 m 2 
is assumed in calculating F^ n . The Doppler bandwidth of an atomic or 
molecular line is given by 

B = Av d = 7.16 x lo" 7 | (T/M)^ Hz 5 | & 

where T is the temperature (ft) and M is the atomic or mo'., euler mass 
(amu). The expressions for minimum detectable source power (P 3 in ) » 
source radiance {R*\ ), and flux (F . ) become 


= he ,B\ 2 

~JJz <r> 


s 

R . 
mm 


1 R \ ® -2 -1 -1 

" 2 / 2 * (?) P hot °ns cm sec str 


= ^rrr (& T ) ^ Wnf 2 Hz” 1 


R . is compared with the single side-band radiance of a u lack-body 
min 

continuum source in Fig. 2. From the Planck function, the power radiated 
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in bandwidth B ia 


W BB^ 

r 


(•' 


B 

hv/kT __ 


1) 


(V/ cm ^str” 1 ) 


and 



» _2 S 
X 3 (e hv/kT _ x) 


(13) 


(14) 


The curveB shown in FiG. 2 have been calculated for a particle with 
M = 30 amu. R^ n is shown for T = 300°K and 50°K and for integration 

O L. Q 

times of 1, 10 , and 10 seconds. At 10 pm and 300 K, the Doppler line- 
width is ~ 68 MHz . The rapid improvement in R^ with increasing wave- 
length is a consequence of the decreasing line width (i.e., Ie33 10 shot 

2 

noi3e in B = Av^) and of the increasing field-of-view (as X ). However, 
the improvement due to increasing field-of-view (FOV) is replaced by a 
degradation factor when the FOV exceeds the source size (see Section 3). 
The FOV for a diffraction limited 1 m telescope is also shown Fig. 2. 

A similar set of curves for the minimum detectable flux F^ and 
for the black-body flux 


- 2hc 


(e hV / kT -1) 


-2 -1 

W m Hz 


(15) 


are shown in Fig. 3* In the Rayleigh- J eans limit (hv « kT) , the black- 
body flux becomes F.jL = 2 kT, ana the received power from both sidebands 
of width B is 4 kTB watts, the familiar radio result. 

It is clear from Figs. 2 and 3 that heterodyne detection is potentially 
a very powerful tool for high resolution astronomical studies. Section 6 
shows that even after the system performance is degraded to take account 
of practical limitations, heterodyne detection remains a very powerful 
technique. 
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3. Limitations to the Sensitivity of a Real Heterodyne System 

The expressions for minimum detectable power and source bright- 
ness considered in section 2 are based on the assumption that all source 
photons radiated into the heterodyne field-of-view ore collected by a 
shot-noise-limited photomixer with unity quantum efficiency. In actual 
practice, however, there are a number of factors which degrade the 
sensitivity significantly from the ideal case. An understanding of 
these factors is important in achieving the highest sensitivities for 
the spectrometer. For astronomical application, even small gains in 
sensitivity are of major interest since the integration time required 
for a fixed minimum detectable power is reduced by the square of that 
gain. The various factors which must be Included in evaluating the 
sensitivity of the heterodyne spectrometer for astronomical applications 
are considered here. Any factor which leads to an increase in the 
ideal minimum detectable source brightness (Eq- 7 ) is written at 

a degradation factor, A. The minimum detectable source brightness can 
thus bewritten as 

“mln-Rldeal < 16 

where the various degradation factors A^ to be considered are due to; 

(a) Quantum efficiency of the photomixer: A^ = 1/T|; for HgCdTe 
photomixers, the be* t possible quantum efficiency without an anti- 

CIS) 

reflection coating on the chip is H~0.67 (Aq ~1.5). The best- 

commercially available detectors have 'n— , 0.5 (A^ ~ 2) . It is also 
important to note that T] is the dynamic quantum efficiency (LO on), 


7 



I 


I 


i 


li 


? 


i 


not the static quantum efficiency (LO off) and that too high L& powers 
can cause a lowered dynamic quantum efficiency. 

(b) Polarization: A p0L * 2 for an unpolarized source, but may 
vary between 1 -♦ 00 fer other sources as the linear polarization changes 
from parallel to perpendicular with respect to the local oscillator 
polarization. 

(c) Chopping: ^ chop » 2 for a Dicke type chopper, */2 for 

overlapped frequency switching, and 1 for the unchopped case. 

(d) Losses in Optics: ^ opt ^ cs ** where a is the total trans- 
mission coefficient of the collecting optics up to but not including 
the beam splitter. 

(e) Phase front misalignment and beam spot size effects: 

^phase* This degradation is caused by mis -match of the phase fronts 

and spot sizes of the local oscillator beam and the source bjam at the 
photomixer and has been considered by Cohen^*^ in detail. It will 
not be discussed here except to note that proper matching of the 
phase-fronts and Airy disks allows one to make ^ p hase ~ 

(f) Beam filling factor: the degradation when the source 

fails to fill the heterodyne field of view (which is assumed equal to 
the diffraction limited field of view of the telescope) . 


A =“ 
FF 


(A dif f /A s ) 


2-2 -2 

=- i.4 x d e s 

where 9 g is the angular extent of the source 
and D is the diameter of the primary mirror. 


(17) 
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(g) Detector and pro-amplifier noise: Aq is the degradation 
caused by shot-noise due to d.c. bias current in the detector, and 
the thermal noise contributed by the detector and by the IF amplifier. 

An evaluation of A D is made in section 4 for a wide range of detector 
characteristics, transmission coefficients of the beam splitter, and 
local oscillator powers. 

(h) Degradation in measurement of line profiles: A^. This 
degradation in the sonsitlvlty, compared with that which is obtained 
when the bandwidth is matched to the Doppler linewidth, is a consequence 
of dividing the line profile into elements of width B. A derivation 
and an evaluation of A^ as a function of linewidth to bandwidth ratios, 
and of wavelength is given in section 5 for various T/M ratios. 

(i) Various other degradation factors may be introduced in 
specific experiments under adverse conditions but have not been 
treated here. Examples would include phase cancellation introduced 
by air turbulence ("seeing") and false heterodyne signals which are 
sometimes caused by source or reference continuum shot roise. 
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4 , Degradation Due to Detector Noise and Pre-Amplifier Noise 

The shot-noise limited performance of a heterodyne spectrometer 
is dependent upon the availability of wideband mixers and sufficiently 
powerful tunable lasers in the desired spuctral range. For sufficiently 
large local oscillator powers, the local oscillator shot noise dominates 
all other noise sources, leading to the quantum limit of sensitivity 
given by (1) . 

The requirements placed on the detector, of low noise and wide 
bandwidth, are adequately met in the 5-17 P-m range by helium cooled 
Ge:Cu photoconductive detectors and liquid nitrogen cooled HgCdTe 
photodiodes which have bandwidths of the order of 1 t 

Of the two types of detectors, the HgCdTe photodiode is preferred for 
the tuneable heterodyne spectrometer for astronomical observations 
because of the higher heterodyne signal-to-noise ratio which may be 
obtained, (a factor of two better than photo -conductors) and higher 
operating temperatures. Also, the local oscillator power required to 
reach the shot-noise-limit with HgCdTe is smaller than for Ge:Cu 
photoconductors and can be supplied by tuneable semi-conductor lasers. 

Sufficiently powerful lasers tunable over many wave numbers 
in 4 he spectral range of interest , are not readily available at 
present. Adequate emission powers are available from gas lasers 
(e.g. C 02 »C 0 ) at specific wavelengths but the tunability is limited 
to a narrow band around the discrete laser lines. Waveguide CO 2 lasers 
can be tuned over ~1 GHz for each line. Electronic tuning at the IF 


10 



1 


I 


1 


extends the spectral bandwidth to ~ 2 GHz on eithor side of the 
discrete local oscillator frequencies. The versatility of heterodyne 
.spectroscopy depends on the availability of tunable local oscillators, and 
cannot bo fully realized with the available gas lasers. Although 
continuously tunable lasers (over many wave numbero) arc not available 
as yet, semitunable diode lasers have recently become available. 

The first use of cryogonically cooled PbSe diode lasers as local 
oscillators for heterodyne detection was achieved with the infrared 
heterodyne spectrometer developed at the Goddard Space Flight Center^ . 
Agronomical and laboratory sources (both continuum and molecular 
lines) were detected at ?,5 MHz resolution at 8,5 Urn. Although it has 
been demonstrated that diode lasers can be used as. local oscillators, 
the emission powers available are still limited to a few hundred yW in 
a single mode, and arc generally Insufficient for shot noise limited 
operation of the heterodyne spectrometer. The additional sources of 
noise in the detector thus have to be considered. The degradation in 
the sensitivity of the heterodyne spectrometer due to all additional 
sources of noise in the photodiode (HgCdTe) is considered in this 
section. 

The equivalent circuit of a photodiode mixer consists of a 
shunt conductance G^, a shunt capacitance Cj and a series resistance Rg. 
The output of the photodiode contains noise current components 
corresponding to: (i) shot noise due to local oscillator and background- 

induced DC photocurrants I 0 and I b and dark current 1^ (li) thermal 
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noise in the detector at its physical temperature T m and (iii) IF 
amplifier noise given by an equivalent input noise temperature T IF 
which includes the effect of the Impedance mis -match between the 
photodiode and the IF amplifier. The signal to noise ratio of the 
heterodyne receiver (post-integration) is then given by^^ 



for R g G d « 1; the frequency at which the available output power for 
the case of a conjugate match to the IF amplifier is down by 3 dB is 
defined by u> c *“ l/C d (R s /G d )^ 2 . The d.c. photocurrent is related 
to the local oscillator power by 

I Q = TjeP LQ /hv (20) 

It should be noted that the detector quantum efficiency H shown 
explicitly in ( 18) has been considered as a degradation factor 
separately in section 3. However, T| also affects the S/N ratio through 
I as shown in (20) and this dependence will be included in A 
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The two terms in the denominator in (18) correspond to shot 
noise and thermal powers respectively. With sufficient laser power, 
all other terms in the denominator are negligible compared with the local 
oscillator shot noise term (I Q elj) , and the S/N ratio reduces to the 
ideal value (3) for T1 «=> 1. When the local oscillator power is insufficient, 
(18) has to be maximized by proper choice of the photodiode parameters 
(Gd>Cd>Rs)> ky impedance matching between the detector and the IF 
amplifier, and by an optimum division of the signal and local oscillator 
powers at the beam splitter. 

Denoting a for the transmission coefficient of the beam splitter 
for the incident local oscillator power, the signal and local oscillator 
powers incident on the photomixer are: 

P L0 = oP L0 and P s = (1 -a ) P® (21) 

o ° 

Introducing (21) into (18) and comparing it with the shot-noise 
limit S/'N = ( TlP®/hv ( the degradation in the S/N ratio or in 

the minimum detectable source brightness is found to be: 

i = U-Hfr) + < 2k Wde i> hv (22 , 

D a(l-a) (T|e 2 P Lo ) 

o 

where e = I'd/lLO* the ratio of dark current to the local oscillator 
photocurrent in the mixer is l*d/l 0 = 1 1 a Ilo “ e / a anc * 

T e f f = (T m + Typ) • The second term in the numerator corresponds to 
the degradation introduced by thermal noise and the factor c/a accounts 
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for the degradation due to the shot noise generated by the dark current. 
For sufficiently large local oscillator power for a given value of a > 


the degradation factor becomes 


(1+e/cO 

(1-cc) 


When the photodiode dark current is also small compared with the local 
oscillator photocurrent so that c -* o, the degradation factor approahces 
unity for sufficiently small values of a . For smaller local oscillator 
powers, the degradation factor and the optimum value of a for minimum 
degradation may be estimated from the plots of 4^ vs a for various 
values of the parameter T e ff G^eqj the local oscillator power and 


The degradation factors in Figs. (4-6) have been given as a 
function of the parameter 

, 2 

T G, * (T + T’ ) (1 + G, (24) 

eff feq N m IF' to 2' d N ' 

c 

For the liquid nitrogen cooled HgCdTe photodiode considered here 

T ~ 80°K. The quantity T* is the equivalent input noise temperature 
m IF 

of the IF pre-amplifier and includes the effect of impedance mismatch 

between the photodiode and the amplifier. When the two Impedances are 

matched T' = T Tr( = T„(F-1) , where T is the room temperature and F is 
IF IF o' o 

the noise figure of the amplifier. For the unmatched case T^. w may be 
calculated from 


T IF T IF ( 4r + 4R + 2^ 
o IF 
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where is the input resistance of the IF amplifier and R Q is the 

resistive component of the output impedance of the photodiode. For 
R o » R if , T| f is approximated, by T^p -■ (R 0 /4R I1? ) T IJ? . A plot of 
the variation of the parameter (T Q ££ G^^) with w/u> c is shown in 
Fig. 7 for various values of the photodiode shunt conductance Gj, and 
assumed values of R^ F - 50 Q , R g = 20 fi , Cp = 2 pF and 10 p.m. 

Lower values of T^^ G^q over the IF bandwidth may be obtained by 
employing a low noise-temperature impedance matching device. 

The minimum values of the degradation factor (A Domin' 
corresponding to the optimum value of the transmission coeffi ient of 
the beam splitter, are shown as a function of the parameters T e ££ G^q 
for various local oscillator powers in Fig. 8. For a given value of 
T eff Gj e q, the degradation factor is improved significantly w .cn the 
LO power is increased. This reduction in Ap becomes more significant 
when T e ££ G<i e q > 1. For a HgCdTe diode with = 4 x 10“^ and T Q ££ 

Gj e q < 1.5 (Fig. 7), the degradation factor Ap is of the ord r of 5 
for LO powers ~200pH and reduces to 2-3 for LO powers of 500 pW - 1 ntt. 
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5. Degradation Introduced by Llnewidth to Bandwidth Mismatch 

The foregoing analysis of the achievable sensitivity level of 
a real heterodyne system has focussed on detection of spectral lines 
(single side-band) and has assumed that the bandwidth (B) of the smallest 
frequency resolving element (e,g. an RF filter on a multi-spectral 
line receiver) was equal to the Doppler width (Av^) °i ! the line. For 
spectroscopy, one would like to operate in two modes; (1) a low 
resolution mode which covers a wide range of frequencies at resolutions 
comparable to the line widths and which is used to survey and to find 
the lines and (2) a high resolution mode which covers the entire line 
profile simultaneously at a resolution much smaller than the line width 
and which is used to study the line profiles. 

We shall limit our present treatment to the case of unsaturated 
Doppler broadened lines characterized by ( \, T,M) and calculate the 
degradation ( A^) in signal-to-noise as a function of B/Avp. If the 
total radiance, integrated under the line, were instead to be radiated 
uniformly in a rectangular line of width B = Av D , then A^ would equal 
unity. We will show that for a Doppler line, a minimum for A ^ occurs 
when B = 1,2 A\>^ for which A^ = 1.3. It should be noted that if the 
line is saturated at line center over the resolution bandwidth (B) , 
then A^ = 1 and the measured S/N will correspond to that of a black-body 
(single side-band) with temperature T(°K). Also, source turbulence 
(e.g. in interstellar clouds) and source rotation (e.g. in planetary 
atmospheres) may result in non-Doppler profiles in some cases. With 
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these facts in mind, we proceed to calculate A^ for Doppler-broadened 
lines. 

.(17) 


The intensity profile of a Doppler broadened line is: 

“C(2(v-vJ/Av n )(ta 2 ) 1/2 ] 2 


I(\>) = I e 


(26) 


where the line width Av is given in eq. (9) . The total line intensity 
is obtained by integrating (31) over all frequencies 

CO 

Sot * / ^ d v. <27) 

••CO 

which may be evaluated by introducing = (2(V~V 0 ) /Av^ (.Cn 2)^ and 
v = v 0 + <uAv D /2( -tn 2)^ so that 

00 

f 


_ V V D 


Tot 2(tn 2) 1/2 


-is 2 1 tt 1/2 

2 7 0 e * - 1 O W 


(28) 


or 


t — 2 Tot 

0 ' TI J 


Av, 


(29) 


D 


Considering the portion of the line transmitted through a filter 
with a bandwidth B centered on the line, the total number of photons 
received in the filter bandwidth from (26, 29) is 


I B “ T Tot '- 2tT 


- 1/2 


/ 


u>„ 2 

e~ 0J do] 


(30) 


= hot erf <V 
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where u> B « (2(B/2)/Av n ) (^n 2)^ ■» ('t'n 2)^ « 0. 


Av r 


8325 


B 

Av r 


D D 

Thus the fraction of photons received in the filter bandwidth B is 


F » « 

B I 


Tot 


erf <u> B ) 


(31) 


When the line profiles are measured with a heterodyne system, 
the resolution bandwidth is some fraction of the Doppler width 


B * \ % 


(32) 


The minimum detectable source brightness of a Doppler broadened line 
is obtained from (7) and (30) 

= JL 4, 1/2 J. 

min x 2 / F 

Av n 1/2 1/2 

. [_i j_!i <33, 

\2 T J ot£(») (33) 


* R 


Doppler \ 


1 U 

The factor = a^/erf ( '“g), with a^L » b/Av d and Wg » (-In 2y a^ 
is the degradation (at line center) in the minimum detectable number of 
photons in the line, which is introduced by the fact that the line 
is divided into elements of width B. A plot of A^ vs = B/Av ^ is 
shown in Fig. 9. The asymptotes for large and small values of a^ are 

r f V 

given by A^ -* aj~ . The 3 dB and 6 dB points (with respect to optimum) 
as well as the optimum point at which there is minimum degradation are 
shown. This minimum value ( A^ - 1.3) occurs at the bandwidth 
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corresponding to a^ * 1.2. It may be noticed that there arc two 
values of a^ for each degradation factor. The optimum bandwidth, 
which provides sufficient spectral Information with the least degradation 
in the minimum detectable line brightness is given by the value of 
about the 3 dB point on the left hand side of the curve. 

The above discussion considers the optimum bandwidth for a 
given Doppler broadened line, assuming that B can be readily varied 
with \ so as to keep a^ constant. In practice a heterodyne system has 
an IF resolution bandwidth which remains fixed when measuring intensity 
of different line widths and at different wavelengths. The degradation 
factor in this case may be considered more conveniently by letting 
the fraction of the intensity within the bandwidth B be parameterized 
as a function of = ^ v d/b* quantity a 2 > the normalized 

Doppler line width, is the inverse of a^. The minimum detectable 
line brightness may thus be rewritten in terms of a 2 from (33). 

R min " ^Doppler h l 
when the degradation factor is 

= a 2 “ 1 ^ 2 /erf(iu B ) 


with 


o> 3 = (to 2) 1/2 /a 2 


and 


»2 - %/B 


(35) 
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is shown as a function of the wavelength X in Fig, 10 for 
various values of the ratio T/M. The (T/m) ratios indicated on the 
upper line assume B « 25 MHz, and those on the lower line assune 
B * 125 MHz. The lines representing degradation of 3 dB and 6 dB with 
respect to optimum are also shown. 

The plots of degradation factor ^ as a function of wavelength 
(1-1000 |im) applicable for various values of the parameters (T/M)' a /B 
are given in Fig, 11. The values indicated on the plots correspond to 
a bandwidth of B « 25 MHz wit!. , the T/M ratios indicated on the curves. 
The curves may, however, be read for any other bandwidth with the 
quantity (TA'O’Vb kept constant for each curve. The minimum for each 
curve corresponds to B = 1. 2 Av ^ , the right branch corresponds to 
B > 1.2 Avjj and the left branch corresponds to B <1.2 Avp. 
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6. Astronomicul Observations and Comparison 
With Direct Detection 

We may now estimate the actual sonsitivity of a typical heterodyne 

spectrometer for detection of line emission from astronomical sources. 

An estimate of the numerical values of the degradation factors is 

LQ 

summarized in Table 1 for a typical case, where P » 500 HW, 

o 

Gj = 4 x 10"^, B « 50 MHz and Av D «* 300 MHz, The total degradation 

in sensitivity referred to the quantum detection limit is seen to be 

~ 90 for the case considered here. If sufficiently large loser power 

is available so that the shot noise limit is reached and A^^l, the 

total degradation ls~35, The minimum detectable source fluxes discussed 

in section 2 (Figs. 2 and 3) are thus to be multiplied by factors ~35 - 

90 depending upon the local oscillator power available. 

With the estimated degradation factor given here, how does the 

sensitivity of a heterodyne receiver compare with that direct detection? 

The minimum detectable flux values shown in Fig. 3 seem to 

indicate a poor sensitivity for the heterodyne receiver when compared 

with the values achieved in the direct detection modes in the infrared 

s 

and optical frequency ranges. An ideal heterodyne F m ^ n of 

~5 x 10 ~ 24 Wm” 2 Hz”*- at X = 10 p-m withT = 100S (Fig. 3), for example, 

-24 

compares with actually achieved direct detection values of ^10 
-10 " 2S Wm~ 2 Hz -1 at far infrared (20p - 1 mm) , and ~10" 27 -10“ 28 
Wm -2 Hz"’*' at optical wavelengths. Does this mean that the heterodyne 
detection mode is less sensitive than direct detection? If not, then 
how are the sensitivities in the two modes of detection to be compared? 
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The difference in the Fj^ n values, as shown in the following, 
has its origin in the entirely different optical bandwidths over 
which measurements are made in the two cases. To compare the sonsltivios, 
it is more meaningful to compare the S/N ratios obtained when the 
optical bandwidths are identical. For heterodyne detection we have 
from (3) 


/ Sn = —2 (1) 

(n' A hv B 

K Het “He™ 


(36) 


where A represents the total degradation factor in the sensitivity. 
For direct detection, the post integration S/N ratio is; 

p 6 h 


(S) = 

'M * . 


N' d “ ^ d (NEP) d 


(37) 


• 1/2 


where (NEP) d is the noise equivalent power in WH,j of the detector 
and is the total degradation factor in the sensitivity of the direct 
detection system ( ' w 10 consisting of a telescope, dispersing element, 
and detector). The ratio of the two S/N ratios is a figure of merit 
with which to compare the nensitivities of the two modes, i.e. 


(S/N) 


F = 


Het 


- NEP' 


yn 


(38) 


<S/») d he B- 

where NEP’ = ( ^d^Het^ (NE p )d* Residual photon noise, after 
cancellation of sky and telescope background emission, will eventually 
limit the achievable system NEP in either case. 
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A plot of F as a function of the bandwidth B io given In 
Figure 12 for X ■ 10 p,m for various values of NEP 1 , The heterodyne 
receiver thus has an advantage over direct detection in the upper 
part of the figure above the line F » 1 for the entire bandwidth 
range shown (neglecting residual photon noise). The advantage is largo 
when NEP* is large and becomes a disadvantage! over the range of 
bandwidth shown, only when NEP' ~ 10“***, A plot of F vs, X for a 
fixed bandwidth B » 25 MHz is shown in Fig, 13 for various values 
of NEP 1 . A heterodyne receiver with n bandwidth B = 25 MHz thus 
has an advantage over direct detection (which increases with X ) for 
nil wavelength.3 above 1 |iin when NE1* 1 s 10"*-*, and above 10 |itn when 
NEP’ & 10"**\ In this comparison, it is assumed that the AQ product 
is the same in both cases. Also additional factors which would favor 
the direct detection mode and lower the figure of merit have been 
ignored (e.g. atmospheric turbulence effects may limit the sensitivity 
of a heterodyne receiver for ground based observations) , 

With the estimates which have been given here for the practical 
detection limit of a heterodyne receiver what are the S/N ratios 
with which infrared line emission from astronomical sources of interest 
may be detected? 

As an example, we consider Infrared emission from planetary 
nebulae (e.g. NGC-7027, NGC-6572, NGC-7009). Fine structure line 
emission from SIV (10.5[i), NeII(12,8u), ArIII(8.9|i) and C1IV(11.5 \l ) , 
has been detected^ using relatively broadband instruments with 

spectral resolution~0. 3 - 0.5 cm"*. 
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Table 2 shows the observed flux from NGC-7027 measured within 
a 6" beam for the four lincs^*^. The flux received by the heterodyne 
spectrometer F s - Wm"^ Hz"* la based on on assumed Doppler linewidth 
AVjj ■ 300 MHz and a telescope area of 1 m^. The minimum detectable 
flux is calculated from (13) assuming a total degradation in 
sensitivity A ■ 90, and an integration time of 1/2 hr. The S/N 
ratios shown ore for the 50 MHz interval centered on the respective 
lines. Using a multi-channel line receiver (filter-bank), it is 
possible to measure the entire line profile simultaneously ot 50 MHz 
resolution. Not only are these four lines easily detectable, but 
their line shapes should be measurable using the heterodyne approach. 
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Table 1. Typical values of A^'s for 


n LO 

p ~ 

0 

500 uU in a single mode, Gj = 4x10"^ 

E = 

50 MHz and Av^ = 300 MHz 


Typical Value 

- in 

2 

A Fol 

2 for unpolarized source 

^ chop 

2 for Dicke type chopping 

A = 1/a 

optics 

1.2 


1.2 

phase 


^FF 

* 1 

* 

3 1 

\ 

2.6 

W, of ~ 500 uw) 

90 3^' 

LO 

*P ~ a few milliwatts, i.e 

. the shot-noise limit. 
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LIST OF FIGURES 

Fig. 1. Tho basic heterodyne system 

Fig. 2. Black body source radiance R s in a bandwidth B « Av D> 

The straight lines indicate the minimum detectable source 
brightness of an ideal heterodyne system R^ in in the 
Doppler bandwidth (eq. 16) for T = 50 °K or 300 °K 
assuming M = 30 amu, for three integration times. 

Fig. 3. Black body source flux F^. The straight lines indicate 
the minimum detectable flux of an ideal heterodyne system 
F®i n in the Doppler bandwidth for T = 50 °K or 300 °K 
assuming M » 30 amu, for three integration times. 

Fig. 4. The degradation factor Av D vs transmission coefficient 

a of the beam splitter for the indicated values of T c££ G deq : 

p^°= ioo uw, c = x d /i 0 = 1.-0. 

Fig. 5. The degradation factor^ vs transmission coefficient a 

of the beam splitter for the indicated valu/ of T e££ G deq : 

P L0 * 500 UW, e = I. /I = 0.,'!5 
o a o 

Fig. 6. The degradation factor/^ vs transmission coefficient a 

of the beam splitter for the indicated values of T^ G deq : 

p L ° = 1 nW, e = I d /I 0 = 0.125. 
o 

Fig. 7. Plots of T e£f G deq vs tu /to^ for the indicated values 

of photodiode shunt conductance G d and assumed values of 
R if = 50 n , R s = 20 Q , C D = 2 pF, X = 10 urn, T m = 80 °K 
and Tjp. 
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Fig, 8. 

Fig. 9. 

Fig. 10. 

Fig. 11. 

Fig. 12. 
Fig. 13. 


The minimum degradation factor A^ (corresponding to 
optimum values of a) vs T Qff G,j e q for the indicated L0 
powers. The d.c bias current is assumed to be 1^ = 0.2 ma. 
The line degradation factor A^ vs a^ The 3 dB and 6 dB 
points refer to the optimum value of A^ = 1.3. 

Plots of &2 vs X for the indicated T/M ratios for assumed 
bandwidths of B = 25 MHz and B = 125 MHz. 

The line degradation factor vs X for the indicated T/M 
ratio for an assumed bandwidth of 25 MHz. 

Plot of F vs B for various values of NEP' » (A^/A j| et ) (NEP)^. 
Plot of F vs X for various values of NEP' = ( A^/Ajj et ' (NEP)^. 
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FIGURE 9 











